The distinctive features of plant organs are primarily determined by organ-specific gene expression. We analyzed the expression specificity of 8809 genes in 7 organs of Arabidopsis using a cDNA macroarray system. Using relative expression (RE) values between organs, many known and unknown genes specifically expressed in each organ were identified. We also analyzed the organ specificity of various gene groups using the GRE (group relative expression) value, the average of the REs of all genes in a group. Consequently, we found that many gene groups even ribosomal protein genes, have strong organ-specific expression. Clustering of the expression profiles revealed that the 8809 genes were classified into 9 major categories. Although 3451 genes were clustered into the largest category, which showed constitutive gene expression, 266 and 1005 genes were found to be root-and silique-specific genes, respectively. By this clustering, particular gene groups which showed multi-organ-specific expression profiles, such as bud-flower-specific, stem-silique-specific or bud-flower-root-specific profiles, could be effectively identified. From these results, major features of plant organs could be characterized by their distinct profiles of global gene expression.
Introduction
In multicellular living organisms, cells differentiate into many types of tissues, which have specific functions that result from the orchestration of numerous gene products. In higher plants, leaf, stem, flower and root are largely different in morphology and functional roles. For instance, the leaf mainly functions for photosynthesis, the stem provides mechanical strength to the plant, the flower functions for reproduction, and the root functions Communicated by Masayuki Ohmori * To whom correspondence should be addressed. Tel. +81-45-924-5736, Fax. +81-45-924-5823, E-mail: hohta@bio.titech.ac. jp † Abbreviations: AGRIS, Arabidopsis Gene Regulatory Information Sever; ATTED, Arabidopsis thaliana Tissue-Specific Expression Database; c1 to c9, cluster 1 to cluster 9; cx, cluster x; GO, Gene Ontology; GRE, Group Relative Expression; KEGG, Kyoto Encyclopedia of Genes and Genomes; NE, Normalized Expression; RE, Relative Expression; SN, Signal to Noise; SOM, Self-Organizing Map; TAIR, The Arabidopsis Information Resource.
for uptake of inorganic nutrients. In order to perform these special roles, each organ expresses particular sets of gene groups. Since the genome is common among all cells, the amount of particular mRNAs is the primary determinant of organ-specific differences, and a major regulatory point for the function of different organs. Although information about organ-specific gene expression has been accumulated for many kinds of genes, the total number of genes investigated is still small. Furthermore, even in Arabidopsis, the overall pattern of organ-specific gene expression has not been determined yet. Since genomic sequencing for Arabidopsis was finished in 2000, 1 many kinds of genome-wide analyses, especially for the transcriptomes for hormone and stress responses and mutants, have been intensively carried out. So far, a lot of data from cDNA microarray and oligonucleotide array analyses of various physiological events in Arabidopsis have been reported. 2, 3 On the other hand, concerning global analysis of organ-specific gene expression, MPSS (Massively Parallel Signature Se-
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Global Analysis of Organ-Specific Gene Expression [Vol. 11, quencing) , which is a technique to quantitatively estimate the relative abundance of mRNAs using 17-bp tags, 4 was only available for libraries from 5 different tissues (http://mpss.ucdavis.edu/). cDNA macroarrays are made using PCR-amplified DNA fragments spotted on nylon membranes. 5 They are one of the most convenient tools to handle in the laboratory for global expression analysis. Moreover, their uses allow a quantification of expression levels without competition experiments, and the results obtained have been proved to agree well with these obtained by Northern blot analysis. 6 To analyze the organ-specific gene expression in Arabidopsis, we used the cDNA macroarray method. Thirteen thousand five hundred and sixteen cDNAs, 7 which corresponded to 8809 loci, spotted on membranes were used for analysis of the organ-specific gene expression of the young leaf, leaf, stem, bud, flower, silique and root of Arabidopsis. The global relationship among the gene expression patterns of various organs and their physiological functions are discussed.
Materials and Methods

Plant materials and growth conditions
For the preparations of leaf (mature rosette), stem, bud, flower and silique, Arabidopsis thaliana (accession Colombia) was grown on soil at 22
• C under continuous light for 2-3 months. To perform a set of macroarray experiments for one organ, 40-80 plants were sampled. To obtain young leaf and root, plants were grown on MS medium plates containing 1% sucrose and 0.8% agarose under continuous light. The samples of the young leaf (about 6 leaves per plant except for cotyledons) and root were obtained from 17-day-old plants. For the young leaf and root, 300-600 plants were used for one array experiment. See also the supplementary file, MIAME compliant description.
cDNA macroarray design
The 13,516 EST clones 7 were spotted onto three nylon filters (8 × 12 cm), Biodyne A (PALL, U.S.A.), using a Biomek 2000 Laboratory Automation Workstation (Beckman Instruments, Inc., U.S.A.). The spotted cDNAs were fixed on the nylon filter by UV crosslinking. Lambda DNA and human transferrin receptor were also spotted as negative controls.
Assignment of EST clones to Arabidopsis loci was executed using BLAST and BLAT of NCBI. As a result, 13,516 ESTs were assigned to 8809 loci. In many cases, multiple ESTs were assigned to the same locus, although these ESTs have been clustered as non-redundant EST clones. 
RNA preparation and radiolabeling
Total RNA was extracted by the phenol/SDS method. 
Evaluation of data quality
We used the signal-to-noise (SN) ratio to express data quality for the cDNA macroarray. The formula is:
where RAWESTclones is the set of raw data of EST clones, RAWnegative controls is the set of raw data of negative controls. vBGmembrane is the virtual background of the membrane (see next paragraph). Figure 1A and 1B show examples of the distribution of the intensity in repeated experiments using macroarrays. The former is an example of data with high SN, and the latter is one with lower SN. The data from former experiments with higher SN values are regarded as being more reliable. The SN values were used for normalization.
The background of macroarrays using nylon membranes is generally higher than that of microarrays using glass plates. Subtraction of a real value (such as the signal intensity of a non-spotted area) as a membrane background from raw spot intensity leads to non-reliable values with many pseudo-positives. Therefore we used the virtual background (vBG). That is
where RAWall spots is the set of raw data of all spots on the membrane. The coefficient 0.8 was optimized for our macroarray system by estimation of the fluctuation scale for weak signals.
Data normalization
The LN (lognormal distribution fitting) method was developed for macroarray data normalization. The LN method reconstructs all data using non-parametric fitting to a lognormal distribution based on the hypothesis that populations of mRNA contents in organs ideally match a lognormal distribution. Actually, matching to the lognormal distribution is commonly observed for microarray data.
9 The probability density function for the lognormal distribution (in base-10 logarithm) used here was: The distribution of LN normalized data is presented in (C). SN, signal to noise. med(ESTs), median of signal intensity for EST clones. med(NCs), median of signal intensity for negative controls.
f (x)= 10
In order to fit this lognormal distribution, we used Microsoft Excel with the following functions; RANK = rank (RAW, all RAWs) LNfitting = 10ˆ(norminv [(RANK−0.5)/Ndata ], 3, 0.75) + 20 NE = log10 (LNfitting) where RAW is the raw data of an EST clone, RANK is ranked data, Ndata is the number of EST clones analyzed, LNfitting is the data fitted to the lognormal distribution, and NE is the normalized data. First, ranking from top to bottom was performed, and next, fitting to the lognormal distribution was done where the mean is 3 and the standard deviation is 0.75 (in base-10 logarithm) by emulating the real data distribution on our macroarray, and a small background value (20 in normal) was added to reduce excessive data fluctuation. Finally, transformation to a logarithmic value was performed. We call the value obtained the "Normalized Expression (NE)". The distribution of the normalized spot intensities is shown in Fig. 1C . The NE values reflect the absolute expression levels of genes.
The actual procedure was as follows. First, raw data were fitted to the lognormal distribution.
NEESTclone, organ, repetition = fLN (RAWESTclone, organ, repetition) where RAW is raw data, and fLN is the function for fitting lognormal distribution mentioned above. The output is Normalized Expression of an EST clone. We usually performed cDNA macroarray analysis 3 to 5 times to obtain a set of data for an organ. The average of Pearson's correlation coefficients for the repeated experiments was calculated to be 0.85. Although the value is slightly small compared with that for repeated data produced using microarrays, the reliability of our data was improved by the performance of 3-5 experimental repetitions. Data with various levels of quality were mixed in this repetition. To get the maximal potential information from these data, the set of the repeated data for the same organ were combined using weighted averages. The SN value mentioned above was used as the weight. Then the weighted average for repetition was fitted to the lognormal distribution again. The mathematical expression used was gene (locus). The NE value reflects the absolute expression level. Examples of NE values are shown in Fig. 2A .
As shown in the figure, the Rubisco small subunit gene was expressed in the leaf almost 100-fold more strongly than in the root. However, it is also obvious that even in the root, the expression level was higher than that of ubiquitin-specific protease 2. The NE values are shown in several tables in this report. For comparison of the expression profiles in 7 organs, the ratio of an expression value in a given organ to its average in 7 organs was calculated for each locus. Using the logarithm, the ratio corresponds to the difference as follows:
We call this value "Relative expression (RE)", which reflects the specificity of gene expression among organs. Although NE is valuable for evaluating the absolute expression levels, RE is generally more useful for categorizing the expression profiles. Examples of RE values are shown in Fig. 2B , showing distinctive feature of organs. For evaluation of the organ specificity of gene groups, GRE (Group Relative Expression) was calculated as the average of the RE values of genes which belong to a gene group. 
GREgroup
Northern blot analysis for confirmation of cDNA
macroarray data Northern blot analysis was performed using the same probe which was spotted on the macroarray membrane. After data quantification and background subtraction, RE was calculated for the Northern analysis. Figure 3 shows the RE values from Northern blotting data and the corresponding macroarray data for 8 clones. The two lines for the RE values in each figure showed a good correlation, indicating that the results of cDNA macroarray analysis agreed well with those of the Northern blot analysis. This correlation also indicates that data normalization could be successfully performed for the macroarray results.
Classification of expression patterns
For classification of gene expression patterns, a selforganizing map (SOM) was created using GeneCluster2 released by the Whitehead Institute (http://wwwgenome.wi.mit.edu/cancer/software/software.html). To perform SOM clustering, it was necessary to determine an appropriate number of categories. As a result of trials for altering the number from 5 to 100, we preliminarily found 8 outstanding expression patterns, in ad- dition to weak organ-specific expression profiles. From the primary observation, we determined the cluster number to be 9. Generally in the SOM clustering step, intrinsic groups that include larger numbers of genes tend to be divided into smaller categories. To prevent the appearance of less-significant categories mainly composed of genes with weak organ specificity, genes with strong organ specificity were given an appropriate weight in such a way that genes with weak organ specificity could be clustered into just one category in addition to 8 major categories (18 was applied for 2755 genes which have REs of more than 3). Consequently, 9 expected clusters (c1-c9) were obtained. In repetition of clustering, some genes were unstably sorted to the 9 categories, probably due to their distinct organ specificity from the 9 clusters. These genes were moved to another cluster, cx. Finally, the order of the 10 clusters obtained was partially changed for presentation. The adequacy of the SOM categories was also shown by Principal Component Analysis of the 7 organs (Fig. 4) . The existence of each SOM category reflects the distances among organs in the figure. Principal Component Analysis was done using Black-Box, a tool developed by Prof. Aoki at Gunma University (http://aoki2.si.gunmau.ac.jp/BlackBox/BlackBox.html).
Public data used
The following files (and their release dates) were downloaded from the TAIR ftp site (ftp://ftp.arabidopsis. 
Results and Discussion
Organ specificity of genes
To characterize organs at the mRNA level, we first made a gene ranking of organ specificity. Table 1 shows a list of the top 15 genes with the highest RE values in each organ. Genes for typical physiological functions of each organ were generally found in the lists. For instance, two nitrate reductase genes were found in the young leaf, two cellulose synthase genes in stem, genes for floral homeotic proteins such as AGAMOUS and PISTILLATA in bud and flower, genes for storage proteins (2S albumins and 12S cruciferins) in silique and three lectin genes in root. The occurrence of such characteristic members in each organ ensured the reliability of our data.
However, two photosynthetic organs, young leaf and leaf, did not contain typical photosynthesis-related genes in the top 15 REs. In fact, photosynthesis-related genes are expressed not only in leaves but also in other greencolored organs such as stem and buds to some extent. Because RE is a value for organ specificity and not for expression level, such genes with broad specificity were absent from these lists, even if their NE levels were high in some organs. On the other hand, 5 genes for defense-related proteins (two disease resistance proteins, myrosinase-associated protein, PR2, and ECS1) were found in leaf.
In bud and flower, glycine-rich protein GRP17, glycosyl hydrolase family 17, anther development protein ATA20 and vegetative storage protein Vsp1 were found in the top 15 REs. They are known for their specific expression in the floral organs. [10] [11] [12] [13] Several genes related to floral organ-specific metabolism, such as the terpene synthase, pectinesterase and polygalacturonase genes, were also seen in the bud and flower. Moreover, it is evident that genes related to lipid metabolism such as family II extracellular lipase and 4 lipid transfer protein genes were specifically expressed in these organs. This result indicates that particular lipid degradation mediated by the lipase and lipid transfer proteins might occur in flower development.
In silique, it is remarkable that all of the top five genes encode putative storage proteins, and the next two genes correspond to oleosin, a major component of the lipid body. In particular, two 2S albumin precursor genes showed very high expression, whose NE values were larger than 5.
In root, several glycosyl hydrolase 1 genes were highly expressed. One glycosyl hydrolase, At3g09260, is a β-glucosidase recently identified as a major protein of the ER body, a compartment newly found by Matsushima et al.
14 Table 1 indicates that the mRNA accumulation in root is quite high. In fact, it was reported that the ER body was frequently observed in root tissues.
14 It is possible that the other two members of the glycosyl hydrolase 1 family expressed in root are also ER body Gene groups whose GRE value were more than 0.20 (about 1.6-fold in normal value) are shown. Almost identical gene groups sharing with more than 80% of genes were represented by one category.
proteins. These three genes were also induced by exogenous application of methyl jasmonate (Sasaki-Sekimoto et al., unpublished data), which is in agreement with the report showing that the ER body is induced by methyl jasmonate treatment.
14 Although the physiological role of the ER body is still unknown, such high expression levels in the root probably reflects the importance of the gene family in the root.
Organ specificity of gene groups
To identify major physiological events which were transcriptionally and systemically regulated in each organ, we tried to find which groups of genes are specifically expressed in an organ. Gene groups composed of more than 10 of our 8809 genes were selected from several databases. The groups obtained were as follows: 194 gene groups from GO (Gene Ontology), 15 30 gene groups from AraCyc defined by TAIR (The Arabidopsis Information Resource), 16 and 67 gene groups from KEGG (Kyoto Encyclopedia of Genes and Genomes). 17 To compare the organ specificity of these gene groups, the GRE (Group Relative Expression) value was defined as the average of the RE values for all genes which belong to a gene group. Then the GRE values of various gene groups were compared in each organ. The groups particularly up-regulated in the 7 organs are listed in Table 2 . In this comparison, photosynthesis-related gene groups, such as "chlorophyll binding activity" and "reductive pentosephosphate cycle" in GO, were ranked higher in position in the young leaf and leaf. "Nitrogen metabolism" in KEGG was also found in the young leaf. Gene groups related to the cell wall, which gives mechanical strength to the plant ("cell adhesion" in GO and "lignin biosynthesis" in AraCyc), were generally up-regulated in the stem. Interestingly, gene groups associated with sulfur metabolism, including "cysteine metabolism", "methionine metabolism" and "glutathione metabolism", were all ranked in a higher position in the root. The ranking of the groups for amino acid metabolism was also high in the root. This is probably due to the fact that root has important roles in the uptake of inorganic nutrients and their assimilation into organic compounds. [Vol. 11 ,   c1  c2  c3  c4  c5  c6  c7  c8  c9  cx   all 8809 loci  581  456  1074  266  888  265  697  1005  3451  126  top 100 RE in Young leaf  36  25  10  7  0  0  0  2  17  3  top 100 RE in Leaf  25  64  0  2  0  0  0  3  1  5  top 100 RE in Stem  2  31  20  3  4  5  26  0  0  9 
Clustering of organ-specific gene expression profiles
In order to investigate the relationships among the 7 organs, we did clustering for organ-specific expression patterns for all 8809 genes using Self Organizing Map (SOM). 18 The 8809 loci were clustered into 10 categories from cluster 1 (c1) to cluster x (cx). In Fig. 5 , each line plot in the 10 graphs shows the GRE values for all genes categorized in each cluster. The small dots represent the SDs. The first row in the table just below the 10 graphs shows the distribution of the 8809 loci in the 10 different clusters. The biggest cluster was c9 (3451 loci), which showed constitutive expression in all 7 organs. Almost 40% of the total genes in Arabidopsis belonged to this category. On the other hand, c4 (266 loci) and c6 (265 loci) were rather small categories showing specific expression in root (c4) or in bud and flower (c6). The lower lines in the table in Fig. 5 indicate the distribution of the top 100 genes with the highest RE values in each organ. It appears that the top 100 genes in young leaf were mainly categorized into c1, those for leaf into c2, stem into c2, bud into c6, flower into c6, silique into c8 and root into c4. Most of the top 100 genes in leaf, bud, flower, silique and root belonged to one SOM category. On the other hand, such highly ranked genes in two organs, young leaf and stem, did not belong to one SOM category, indicating complex feature of these organs. There were two major expression patterns for highly expressed genes in stem. A major group categorized to c2 showed relatively high expression in young leaf and leaf, in addition to stem. This cluster is mainly composed of genes related to defense responses or secondary metabolism (Table 3 c2 ). Another category, c7, was particularly expressed in both stem and silique. Interestingly, the members of the latter cluster were completely different from the members of the former cluster. Genes involved in cell wall and lignin biosynthesis, such as cellulose synthases, fasciclin-like arabinogalactan proteins and cinnamyl alcohol dehydrogenase, were commonly found in the latter cluster (Table 3 c7 ). From this point of view, it is possible that two Myb-family transcription factors, At1g18570 and At3g11280, are candidates for factors which regulate some metabolism operated by genes found in this c2 category of stem. The results clearly demonstrated that, although the relative intensity of expression in each organ (RE value) is important information by itself, clustering by SOM could provide much more information for characterizing their gene functions.
As described above, the SOM categories were suggested to be related to particular functions. We further analyzed gene groups whose members were mainly categorized in one SOM cluster with a high population. The top 5 gene groups that had the largest population in each cluster are listed in Fig. 6 . Generally, gene groups related to photosynthesis were present in c1 but not in c2, showing that c1 is a major cluster for photosynthesis-related genes. In contrast, genes related to defense responses were mainly clustered in c2, which may be genes for the basal response to some stresses such as light, although the plants were grown under medium light conditions. Many gene groups related to amino acid synthesis were found in c3, probably because we used mature silique in these experiments, and therefore primary metabolism such as amino acid synthesis was relatively repressed in this organ. Lipase and lipid binding activity, including lipid transfer proteins, were in c6. Cellulose synthase and lignin synthesis were in c7. Unexpectedly, significant organ specificity in the gene groups of "ribosome" and "protein biosynthesis" was found (c5) which were specifically expressed in bud, flower and root; nevertheless, these genes are generally believed to be genes constitutively expressed in all organs.
Organ specificities of transcription factors and
plastid-targeting proteins Analysis of SOM clustering for various transcription factors revealed that they were mainly classified into c9, revealing constitutive expression of this gene family serine carboxypeptidase isolog --9 unknown genes TargetP, prediction of subcellular localization; C, chloroplast. M, mitochondria. S, secretory. , others. Number, prediction reliability. A smaller number means a more reliable prediction.
( Table 4 , left column). However, several transcription factors were found in other clusters, including MADS-box genes, which showed stronger expression in floral organs. Table 4 lists the transcription factor genes clustered into c4 and c6. As shown in the table, transcription factors involved in flower development, such as AGAMOUS, AP3, AGL2, AGL5, PISTILLATA, 19, 20 were all classified into category c6. Some transcription factors whose function was not identified were also found in this category.
Then, various types of transcription factors in AGRIS (Arabidopsis Gene Regulatory Information Server) 21 were further analyzed according to these SOM categories. In addition to MADS-box proteins, which tended to be in c6, a gene family of C2C2-CO-like transcription factors had a clear tendency to be in c1 (data not shown). This gene group is comprised of CONSTANS and CONSTANS-like proteins. CONSTANS has an important role in the regulation of flowering by photoperiod. It was reported that CONSTANS-like 1 and 2 genes were strongly expressed in leaf and rarely expressed in root.
22 Figure 7 shows that CONSTANS and 16 CONSTANS-like genes consist of three subgroups, as previously reported. 23 Interestingly, all genes in groups I and II were expressed with a c1 type expression pattern, and no genes in group III were expressed with a c1 type profile. Namely, gene groups I and II evolved with share of a cluster number of genes in a cluster (7% of total genes) group ID description c1 c1 c2 c3 c4 c5 c6 c7 c8 c9 cx GO:0016168 chlorophyll binding activity 
c4
share of a cluster number of genes in a cluster (3% of total genes) group ID description c4 c1 c2 c3 c4 c5 c6 c7 c8 c9 cx ath00360 phenylalanine metabolism 
c6
share of a cluster number of genes in a cluster (3% of total genes) group ID discription c6 c1 c2 c3 c4 c5 c6 c7 c8 c9 cx GO:0016298 lipase activity Table 4 . Genes categorized into c4 (root) or c6 (bud and flower).
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A web site for Arabidopsis thaliana Tissue-Specific Expression Database (ATTED)
In the present paper, we analyzed organ-specific expression of 8909 genes in Arabidopsis. These data provided important evidences to figure out specific functions of plant organs. Particularly, clustering of the expression profiles by SOM was useful to analyze multi-organ specific expression observed in some gene groups such as photosynthesis-related and cell wall-related genes. The organ-specific gene expression data are available at our web site for Arabidopsis thaliana Tissue-Specific Expression Database (ATTED) (http://www.atted.bio.titech.ac.jp).
